Autonomic and limbic neural activities are linked to aggressive behavior, and it is hypothesized that activities in the cardiovascular and monoaminergic systems play a role in preparing for an aggressive challenge. The objective was to learn about the emergence of monoamine activity in nucleus accumbens before an aggressive confrontation that was omitted at the regular time of occurrence, dissociating the motoric from the aminergic activity. Dopamine, serotonin, heart rate and behavioral activity were monitored before, during and after a single 10-min confrontation in resident male Long-Evans rats fitted with a microdialysis probe in the n. accumbens and with a telemetry sender (experiment 1). DA, but not 5-HTefflux, was confirmed to increase in n. accumbens during and after a single aggressive episode. In aggressive males that confronted an opponent daily for 10 days (experiment 2) heart rate rose 1 h before the regularly scheduled encounter relative to control rats, as measured on day 11 in the absence of any aggression. Concurrently, DA levels increased by 60-70% over baseline levels and 5-HT levels decreased by 30-35% compared to baseline levels. These changes were sustained over 1 h, and contrasted with no significant changes in DA, 5-HT, heart rate or behavioral activity in control rats. The rise in mesolimbic DA appears to be significant in anticipating the physiological and behavioral demands of an aggressive episode, and the fall in 5-HT in its termination, dissociated from the actual execution of the behavior.
Introduction
When anticipating a fight, animals undergo physiological adaptations (e.g. Adams et al., 1968; Fokkema & Koolhaas, 1985) . Specifically, if aggressive confrontations occur at the same time each day, the ultradian rise in heart rate (HR) and body temperature of the aggressive animal is advanced and reaches its peak at a time that coincides with the arrival of the opponent (Tornatzky et al., 1998) . Whether aminergic and peptidergic neural activities in aggressive animals contribute to the preparation for an aggressive confrontation or reflect reactions to such encounters cannot be distinguished on the basis of postmortem tissue analysis. Nonetheless, neurochemical assays and pharmacotherapeutic data indicate that the monoamine neurotransmitters dopamine (DA) and serotonin (5-HT) significantly modulate aggressive and defensive behavior (Garattini et al., 1967; Louilot et al., 1986; Olivier et al., 1987; de Almeida & Lucion, 1997; de Boer et al., 1999; Volavka, 1999) as well as sexual and maternal behavior (Pfaus et al., 1990; Mas et al., 1995b; Pfaus et al., 1995) in animals and humans. For example, the mesocorticolimbic DA system is activated during an aggressive encouner in both the aggressor and in the defending animal (Tidey & Miczek, 1996; van Erp & Miczek, 2000) as well as during other significant activities (Fumero et al., 1994; Mas et al., 1995a; Pfaus et al., 1995) .
The role of 5-HT in the neurobiological mechanisms governing aggressive behavior has most often been characterized by single measurements that are separated from the actual behavioral event, reflecting a trait rather than dynamic changes (Haney et al., 1990; Fairbanks et al., 1999) . Neuropsychiatric investigations have led to the proposal of a serotonin deficiency trait in impulsively aggressive and violent individuals, based primarily on assays revealing low concentrations of the metabolite 5-hydroxy-indole acetic acid in cerebrospinal fluid (Linnoila et al., 1983; Asberg et al., 1987; Fairbanks et al., 2001; Mann et al., 2001) . Evidence from 5-HT 1B receptor knock-out mice can be interpreted as being concordant with the link between aggression and serotonin deficiency (Saudou et al., 1994) . Pharmacological evidence identifies dopaminergic and serotonergic drugs as the most effective agents in reducing aggression in the clinic and laboratory, although limited by side-effects (Olivier & Mos, 1986; Olivier et al., 1987; Miczek et al., 1994a; Miczek et al., 1994b; Miczek et al., 1995; Fuller, 1996; Miczek et al., 1998; Miczek et al., 2002) . Recent methodological developments enabled the direct measurement of in vivo neurotransmitter release during an aggressive confrontation in attacking and defending animals (Tidey & Miczek, 1996; van Erp & Miczek, 2000) .
Among the forebrain structures, the nucleus accumbens (NAC) is a region densely innervated by 5-HT and DA terminals with cell bodies originating from the dorsal raphe nuclei and the ventral tegmental area, respectively (Azmitia & Segal, 1978; Molliver, 1987; Heimer et al., 1991) . Furthermore, neurons that are very sensitive to environmental challenges converge in the NAC, which is thought to be an essential part of neural systems involved in motivation, emotion and integration of complex behavior (e.g. Le Moal & Simon, 1991; Kirby et al., 1997) . The focus on this brain area derives from the key role that the NAC plays in relation to aggression (Miczek et al., 1994a) and to impulsive behavior (Cardinal et al., 2001) .
Our objective was to investigate how rises and falls in cardiovascular activity and extracellular levels of DA and 5-HT characterize the anticipation and preparation for an aggressive confrontation with an intruder and to differentiate these changes from those that are concomitant to aggressive behavior. By combining microdialysis and biotelemetry, we aimed to dissociate the changes in accumbal aminergic activity from the intense motor acts that are associated with fighting.
Telemetry procedure
Signals from each telemetry sender were received by an antenna board positioned under the cage, connected to a PC-based data acquisition system (Dataquest IV; DSI). For each animal, data sampling of HR transmitted by the sender occurred every 5 min over 24 h.
Active behavior
Videotape recordings were analysed for walk, groom, rear, dig, eat and drink every 20 min for 5 min, at the end of each microdialysis sample collection. Frequency and duration of behavioral responses were analysed using customized software (Tufts University data acquisition program).
Microdialysis procedure
Microdialysis probes (CMA/12, 800 mm o.d., 2 mm membrane) were tested in vitro to determine absolute recovery for DA and 5-HT. A probe was lowered under isoflurane inhalation anaesthesia 16 h before the experiment. Artificial cerebrospinal fluid (in mM: NaCl, 147; CaCl 2 , 1.3; MgCl 2 , 0.9; KCl, 4.0; pH 6.5-7.0) was pumped at 0.5 mL/min overnight, using a CMA/100 pump. A swivel arm, dual channel swivel, and 45-cm spring wire protecting the FEP tubing allowed free movement of the animal. On the experimental day, the flow rate was increased to 1.0 mL/min. Samples were collected in a 1.0% ethanol/0.02% EDTA solution (2 : 1) using a fraction collector (CMA/142), and stored at À70 8C. Samples were analysed for DA and 5-HT using HPLC and electrochemical detection, as described previously (van Erp & Miczek. 2000) .
Experimental protocol
Experiment 1: single aggressive episode (n ¼ 12)
Microdialysis was performed on resident rats in order to detect changes in DA and 5-HT in the NAC of aggressive rats during a single confrontation. These animals had displayed consistently aggressive behavior toward intruders in past encounters that were scheduled on average twice a week. Resident rats were implanted with a guide cannula and allowed to recover for 14 days. The microdialysis probe was lowered 16 h before the aggressive confrontation. Samples were collected every 10 min for 60 min during the dark phase (baseline), followed by a 10-min confrontation with the intruder, and 2 h afterwards.
Experiment 2: repeated aggressive episodes at regular intervals (n ¼ 14)
The second experiment was designed to dissociate the intense behavioral activity in an aggressive encounter from the DA and 5-HT activity in NAC of experienced aggressive resident rats. After the 14-day recovery from surgery, aggressive confrontations were scheduled regularly at lights-off (12:00 hours) every day for 10 consecutive days (n ¼ 7). On day 11 microdialysis was performed in the absence of any social confrontation, extending from 2 h before to 2 h after the timepoint at which the daily encounters were scheduled on previous days. Samples were collected every 20 min during 2 h before and 2 h after lights-off. Light-entrained resident rats (n ¼ 7) were left undisturbed in their home cage until probe insertion. These animals were singly housed and were acoustically and visually separated from the aggressive resident rats. This group served as control.
Data analysis and statistics
Individual baseline values of DA or 5-HT constituted the means of the samples collected preceding the aggressive confrontation (Experiment 1) or of samples collected between 8:00 h and 12:00 hours (Experiment 2). Neurotransmitter levels are expressed as a percentage of baseline for each individual.
Experiment 1
A one-way repeated-measures ANOVA was performed followed by planned t-tests comparing each time point during and after the confrontation to baseline levels.
Experiment 2
Microdialysis. A two-way ANOVA for repeated measures was performed (main factors: treatment and sample), followed by separate t-tests comparing the two groups (i.e. light-entrained and previously aggressive rats) at each time point, from 2 h before to 2 h after lights-off.
Biotelemetry. Synchronized with the 20-min microdialysis sampling period consecutive 20-min averages of HR were calculated for every rat during the 2 h before and after lights-off. The rise in HR was calculated by subtracting the HR value of each 20-min sample from the previous one. This time series was used to determine the time of the maximal rise in HR and the time at which the maximum occurred. The average of these time points was calculated for the two groups and ttests were performed to compare the groups.
Active behavior. For each rat in experiment 2, 12 samples of active behavior were recorded between the 2 h before and 2 h after lights-off, and the duration of active behavior was analysed by two-way ANOVA for repeated measures. Treatment groups (i.e. light-entrained and previously aggressive rats) and sample (repeated measure) were the two factors.
Results

Experiment 1
Resident rats showed consistent attack behavior directed toward the intruder, ranging from 3 to 12 (5.4 AE 0.9) bites in 10 min, under the constraints of being implanted, tethered and sampled. Data were collected from 12 microdialysis probes (Fig. 1) . During the 10 min confrontation DA levels started to increase markedly ( Fig. 2A ) and peaked after 30 min (F 9,96 ¼ 2.520, P ¼ 0.012). This increase persisted for 20 min after the opponent was removed. There was no significant change in 5-HT levels ( Fig. 2B; F 9 ,84 ¼ 1.153, P ¼ 0.336), suggesting that during an acute confrontation NAC serotonin is not a key factor in the modulation of aggressive behavior. As expected, HR increased significantly during the first confrontation from 337 AE 15 beats per minute (baseline levels measured before the test) to peak at 502 AE 17 after 10 minutes (Fig. 2C) . The increase in HR persisted for more than 2 h after the confrontation ended.
Experiment 2
During the series of 10 confrontations resident rats displayed consistently aggressive behavior, averaging 10.5 AE 0.7 bites in 5 min.
Concurrently monitored light-entrained rats showed an increase in HR synchronized to the light-dark cycle with a peak in HR %1 h after lights-off. The maximum peak in previously aggressive rats was at 12:21 AE 00:20 h vs. in light-entrained rats at 13:12 AE 00:13 h (t ¼ 2.2, d.f. ¼ 12, P < 0.05). This advance by nearly 1 h is closely similar to that in previous measurements (Tornatzky et al., 1998) (Fig. 4C) .
Simultaneously, data were collected from 14 microdialysis probes (Fig. 3) . Basal DA and 5-HT levels in perfusate did not differ between the two groups (previously aggressive rats, DA 1.89 AE 0.43, 5-HT 0.63 AE 0.35; light-entrained rats, DA 1.22 AE 0.38, 5-HT 0.32 AE 0.11 pg/mL). The peak in HR was accompanied by a rise in behavioral activity (data not shown; effect of sample time, F 11,173 ¼ 1.9, P < 0.05), but without significant changes in extracellular concentrations of DA and 5-HT in NAC (Fig. 4A and B) .
In rats with a history of 10 daily confrontations the rise in HR prior to the time-point of previously scheduled encounters may serve as a Fig. 4C ; mean maximum rise in previously aggressive rats at 10:50 h vs. in light-entrained rats at 11:30 h), but this difference was not statistically significant. The active behavior of the rats exposed to the 10 aggressive confrontations increased by 155% during the 2 h before and the 2 h after lightsoff. Light-entrained rats also exhibited an increase in behavioral activity level at this time, and the two groups did not differ in terms of changes in behavioral activity.
In rats with a history of repeated aggressive episodes DA increased by 60-70% over baseline levels. A two-way ANOVA for repeated measures revealed a significant main effect of Treatment (F 13,154 ¼ 30.99, P < 0.001) and Sample (F 13,154 ¼ 2.78, P < 0.003) on DA levels. This increase was evident 20 min before lights-off and persisted for >1 h (Fig. 4A) . During the dark phase of the light-dark cycle, DA levels were 50-60% higher than in light-entrained rats (Fig. 4A) . By contrast, 5-HT decreased by 30-35% in rats with a history of repeated aggressive episodes. A two-way ANOVA for repeated measures revealed a significant Treatment Â Sample interaction (F 13,154 ¼ 2.83, P < 0.003). 5-HT levels decreased during the dark phase of the light-dark cycle and were 40-50% lower than in light-entrained rats (Fig. 4B ).
Discussion
The results from the first experiment indicate that the dopaminergic neurons in the NAC may be activated at the start of a single episode of aggression and the prolonged elevation persists beyond the removal of the intruder, confirming previous findings (van Erp & Miczek. 2000) . As in earlier work, the data from the initial experiment revealed concurrent intense autonomic and somatomotor activation as well as DA activity in NAC without clear sequential or causal links among these events. The precise measurements in real time of aminergic neural, autonomic and behavioral activities are constrained by separate techniques with very different temporal resolution. Previous attempts to correlate the pattern of spontaneous motor activation with that of neurotransmitter release in the NAC have led to varying results and conclusions. Forced locomotion leads to increases in DA metabolism in NAC (Sabol et al., 1990; Damsma et al., 1992) . In contrast, spontaneous activity has been demonstrated to be very weakly correlated with accumbal DA activity (Paulson & Robinson, 1994) . Moreover, rats that were stimulated and then prevented from moving showed a clear increase in DA in the NAC (Imperato et al., 1991; Cabib & Puglisi-Allegra, 1996) . These contrasting results illustrate the critical influence of the demands posed by the specific behavioral tasks and the difficulty in separating motor and motivational variables. It appears that tasks that impose specific limitations for the animal can induce stress responses, thus activating both the autonomic and mesolimbic systems.
The social stress responses in mammals are typically characterized by autonomic activation such as tachycardic, hypertensive and hyperthermic responses as well as activation of the hypothalamicpituitary axis (Ely & Henry, 1978; Von Holst, 1985; de Boer et al., 1990; Miczek et al., 1991; Tornatzky & Miczek, 1993; Meehan et al., 1995; Harper et al., 1996; Sgoifo et al., 2001) . These intense changes in peripheral markers of stress responses are centrally coordinated, and several brain structures, among them the mesocorticolimbic dopamine and serotonin systems, constitute important neural control mechanisms (Wilkinson et al., 1991; Finlay et al., 1995; Rueter & Jacobs, 1996a; Rueter & Jacobs, 1996b; Singewald et al., 1997; Flugge et al., 1998; Price et al., 1998; Blanchard et al., 2001) . For example, DA metabolism in the NAC and prefrontal cortex are activated by corticotropin-releasing factor (CRF) which is released in response to stress (Kalivas et al., 1987) . Furthermore, CRF injections directly in the NAC shell induce a clear arousal and behavioral activation in rats (Holahan et al., 1997) . In addition to the peptidergic modulation of mesocorticolimbic DA, 5-HT also can modulate tegmental DA cells via 5-HT 1B receptors on g-aminobutyric acid (GABA) interneurons (Johnson et al., 1992) , although the delay of the 5-HT decrease relative to the DA increase renders this possible mechanism less likely. The current dialysis data need to be supplemented with direct manipulations of mesocorticolimbic neurons in order to learn the causative sequence of aminergic and peptidergic stress responses.
The results from the second experiment suggest that recurrent regular aggressive episodes engender not only conditioned autonomic arousal (i.e. tachycardia, a forward shift of the time at which maximum HR occurred) but also conditioned aminergic activity (i.e. changes in DA and 5-HT release) in the NAC, even in the absence of an explicit external stimulus. In accordance with previous evidence from aggressive resident and defensive intruder animals (Tidey & Miczek, 1996; van Erp & Miczek. 2000) , the increased activity of DA in NAC may be represent a response to the stressful nature of the confrontation with an unfamiliar animal (Kalivas & Duffy, 1995; Cabib & Puglisi-Allegra, 1996) . This interpretation is also supported by the reduced 5-HT release at the time point at which animals were conditioned to confront an opponent. Other in vivo studies highlight the role of accumbal 5-HT in response to stressful events (Wilkinson et al., 1991; Rueter & Jacobs, 1996a; Fulford & Marsden, 1998; Nakahara & Nakamura, 1999) , which is concordant with our hypothesis of a conditioned stress response. Changes in DA and 5-HT levels in NAC are dissociated in time from changes in HR and somatomotor activity, indicating that rises in DA and reductions in 5-HT in NAC can occur without the expression of overt aggressive behavior towards an intruder or without motor activation. To our knowledge this is the first recording of aminergic activity during and in anticipation of an aggressive encounter. These data support the hypothesis that the display of aggression is linked to transient changes in mesolimbic DA and 5-HT release that diverge in direction at the level of the NAC, a critical structure in the organization of motivated behavior (Robbins & Everitt, 1996; van Erp & Miczek. 2000) . It is less likely that the aminergic changes in the absence of fighting maybe part of a frustrative extinction response, because the rise in DA actually emerged before the regular time of the confrontation.
The mesocorticolimbic system is exquisitely responsive to conditioned stimuli that have been associated with a salient environmental event or with a drug delivery. In vivo studies showed that DA in NAC is increased by several types of conditioned stimuli (Fontana et al., 1993; Gratton & Wise, 1994; Kiyatkin & Stein, 1996; Di Ciano et al., 1998; Ito et al., 2000) . In fact, through Pavlovian conditioning it is possible to associate environmental stimuli with the effects of psychostimulant drugs. The DA increase in the NAC during positively reinforced behavior, such as food-reinforced behavior (Hernandez & Hoebel, 1988) and sexual behavior (Pfaus et al., 1990; Lorrain et al., 1999) , resembles the DA increase during aggression which may reflect not only motoric demands but also rewarding aspects (see also van Erp & Miczek, 2000) . Substantially larger increases in DA in NAC are seen during drug self-administration (Pettit & Justice, 1991; Wise et al., 1995; Ranaldi et al., 1999) . These data may be interpreted as support for the hypothesis that the medial posterior NAC, possibly the shell component, as part of the 'extended amygdala', is critical in processing information that prepare or anticipate biologically significant events (Heimer et al., 1991) . Unfortunately, the large size of the probes and the restricted number of appropriate placements does not permit a clear differentiation of NAC shell and core. However, larger, sturdier probes are required for use in aggressive animals and provide better time resolution due to higher amounts of neurotransmitters in dialysate.
The transient decrease in 5-HT neurotransmission in anticipation of an aggressive episode needs to be integrated with neuropsychiatric data that correlate low levels of 5-HT metabolism with past incidences of heightened aggression and violence (Linnoila et al., 1983; Asberg et al., 1987; Virkkunen et al., 1989; Mehlman et al., 1994) . The serotonin deficiency hypothesis appears more relevant as a trait marker for impulsive aggression (Mann, 1999; Lesch & Merschdorf. 2000; Miczek et al., 2002) , whereas the current measurements of decreased 5-HT in NAC in anticipation of an aggressive confrontation emphasize the dynamic termination of aggressive bouts. A challenging task will be to learn whether in fact the phasic inhibition of 5-HT is superimposed on serotonergic activity that is tonically low or high in aggressive individuals. Extrapolating the data from the laboratory animal model to the human condition would predict a similar serotonergic inhibition in those individuals who are provoked to engage in bouts of intense aggressive acts.
Release of DA and 5-HT in several brain areas has been often related to behavioral activation and waking (Wilkinson & Dourish, 1990; Wilkinson et al., 1991; Rueter & Jacobs, 1996a) . The present data in light-entrained rats showed no relationship between motor activity and accumbal DA and 5-HT, confirming previous investigations that show an independent regulation of the level of spontaneous motor activity and of DA and 5-HT in the NAC (Westerink, 1995; Tidey & Miczek, 1996) . After repeated confrontations, the changes in DA and 5-HT release are more readily detected than those in locomotor activity. This dissociation is suggested by the fact that in both control and aggression-experienced groups locomotor activity increased at lights-off; however, only those animals which were conditioned to a confrontation showed significant changes in neurotransmitter release. FIG. 4 . Extracellular DA (A) and 5-HT (B) concentrations in the NAC, and (C) heart rate, on day 11 after 10 days of regularly occurring aggressive confrontations (Experiment 2). On this day no confrontation took place. The time point at which the confrontation was scheduled on previous days (12:00 hours) is indicated by a grey vertical bar. The dark phase of the light-dark cycle is indicated by a horizontal black bar. In A and B, data are expressed as a percentage of baseline and are presented as group means AE SEM. Closed symbols depict data from rats that confronted an intruder during the previous 10 days (n ¼ 7). Open symbols depict the light-entrained control group (n ¼ 7). Ã P < 0.05 vs. light-entrained animals. (C) Changes in heart rate on day 11, measured simultaneously with microdialysis sample collection. Bold lines depict the previously aggressive group. Thin lines depict the light-entrained group. Data are presented as group means AE SEM. A significant difference was observed in the maximum peak in HR, at 12:21 h in the previously aggressive group vs. 13:12 h in the light-entrained group.
The current data demonstrate that monoamine changes occur in anticipation of a confrontation, in the absence of any actual stressful event. These data provide for a role of the mesolimbic DA and 5-HT systems, not only in response to stressful events (Westerink, 1995; Rueter & Jacobs, 1996a,b) , but also in anticipating the physiological and behavioral demands of an imminent aggressive confrontation. Thus, the mesocorticolimbic DA and 5-HT systems appear to play a fundamental role in neural processes involved in an individual's preparation for salient and predictable events that require synchronization between neurochemical activity, autonomic functions and motor activation.
